Analysis of the polypeptide composition of extracts from heat-shocked leaves of Arabidopsis indicated the presence of at least 12 HSP7O-related polypeptides, most of which were constitutively expressed. In vitro translation of mRNA from heat-shocked and control leaves indicated that the amount of mRNA encoding four HSP7O polypeptides was increased strongly by heat-shock. Three Arabidopsis genes which exhibit homology to a Drosophila HSP7O gene were cloned. Two of the three genes are arranged in direct orientation approximately 1.5 kilobases apart. The third gene is not closely linked to the other two. Nucleotide sequence analysis of the 5' regions of the two linked genes revealed that both contain a TATA box, the CAAT motif, and several short sequences which are homologous to the Drosophila heat-shock consensus sequence. The deduced partial amino acid sequence of the open reading frames were 79 and 72% homologous to the corresponding regions of the Drosophila HSP70-cognate and HSP70 sequences, respectively. As with the two maize HSP70 genes which have been characterized, and the Drosophila HSP70-cognate genes, the Arabidopsis genes contained a putative intron in the codon specifying amino acid 72. Analysis of mRNA levels with gene-specific oligonucleotide probes indicated that two of the genes were not expressed or were expressed at very low levels in leaves during normal growth or after heat-shock, whereas the other gene was constitutively expressed. By analogy with the results of similar studies of other organisms, it appears that the three cloned genes are members of a small family which are most closely related to the HSP70-cognate genes found in other species.
translation of mRNA from heat-shocked and control leaves indicated that the amount of mRNA encoding four HSP7O polypeptides was increased strongly by heat-shock. Three Arabidopsis genes which exhibit homology to a Drosophila HSP7O gene were cloned. Two of the three genes are arranged in direct orientation approximately 1.5 kilobases apart. The third gene is not closely linked to the other two. Nucleotide sequence analysis of the 5' regions of the two linked genes revealed that both contain a TATA box, the CAAT motif, and several short sequences which are homologous to the Drosophila heat-shock consensus sequence. The deduced partial amino acid sequence of the open reading frames were 79 and 72% homologous to the corresponding regions of the Drosophila HSP70-cognate and HSP70 sequences, respectively. As with the two maize HSP70 genes which have been characterized, and the Drosophila HSP70-cognate genes, the Arabidopsis genes contained a putative intron in the codon specifying amino acid 72. Analysis of mRNA levels with gene-specific oligonucleotide probes indicated that two of the genes were not expressed or were expressed at very low levels in leaves during normal growth or after heat-shock, whereas the other gene was constitutively expressed. By analogy with the results of similar studies of other organisms, it appears that the three cloned genes are members of a small family which are most closely related to the HSP70-cognate genes found in other species.
When subjected to an increase in temperature, all organisms exhibit enhanced synthesis of a small number of polypeptides designated heat-shock proteins (HSPs2) (19, 24) . One ofthe most prominent HSPs synthesized after heat-shock belongs to a family of proteins with mol wt of approximately 70 kD designated HSP70. Strong evolutionary conservation of HSP70 is evident in comparisons of the deduced amino acid sequences of cloned HSP70 genes from a variety of organisms representative of bacteria, yeast, insects, vertebrates, and plants (19, 28) . In all eukaryotic species studied to date, the HSP70 proteins are en- ' This work was supported in part by grants from the National Science Foundation (No. PCM8351595) and the U.S. Department of Energy (No. DE-AC02-76ER01338). T. C. was the recipient of a National Science Foundation postgraduate fellowship.
2Abbreviations: HSP, heat-shock protein; HSP70, 70 kD heat-shock proteins; HSC70, 70 kD heat-shock cognate proteins; HSE, heat-shock element.
coded by a multigene family. The HSP70 gene family has been most extensively characterized in Drosophila and Saccharomyces, both of which have several heat-inducible HSP70 genes and several closely related cognate genes which are expressed at normal temperatures (25) .
The analysis of a plant HSP70 gene family has been initiated in maize by the isolation of two genes (28, 29) . These genes resemble the Drosophila HSC70 genes (14) in that they both have an apparent intron near the 5' end of the coding sequence at the same position as in the HSC70 genes. However, unlike the HSC70 genes which are not strongly induced by heat-shock, the level of mRNA of the maize HSP70 genes increases 40-to 60-fold following a heat-shock. In addition to the induction of HSP70 at the transcriptional level, it appears that there may be translational regulation of HSP70 synthesis in plants (2) . In Drosophila preferential translation of mRNA for HSPs has been associated with the presence of a specific sequence in the nontranslated 5' region of HSP mRNA (21) .
The HSP70 genes ofplants are activated by a variety ofdiverse stresses in addition to heat-shock. Wounding or physical trauma resulted in the accumulation of HSP70 mRNA and synthesis of HSP70 in maize (10) and spinach (9) . Exposure ofcorn seedlings to water stress or abscisic acid (10) or exposure of soybean seedlings to arsenite (18) also induced the synthesis of HSP70. The induction by various apparently unrelated stresses suggests that HSP70 plays a general role in stress adaptation.
Because of the utility of Arabidopsis as a model species for plant molecular genetics, we initiated an analysis of the heatshock response in this species in order to examine the feasibility of analyzing the function of HSP70 by the isolation of appropriate mutants. Here we describe the conditions required for induction ofHSP synthesis in Arabidopsis, the cloning ofthree HSP70-related genes, the partial nucleotide sequences of the 5' regions of the three genes and an analysis of the effect of heat-shock on the accumulation of mRNA using gene-specific oligonucleotide probes. For one-dimensional separations, protein samples were fractionated in 10 to 17.5% gradient SDS-polyacrylamide gels (17) . After staining with Coomassie blue and destaining, the gels were autoradiographed. For two-dimensional gels, labeled polypeptides were extracted into phenol, precipitated with methanol, and solubilized as described (12) . The proteins were loaded on 3 x 120 mm tube gels containing 6% (w/v) acrylamide, 0.3% (w/v) bis-acrylamide, 9.5 M urea, 3% (w/v) Triton X-100, 2.25% (w/v) Pharmalyte 4/6, 1% (w/v) Pharmalyte 5/8, 0.8% (w/v) Pharmalyte 3/10, 0.1% (w/v) ammonium persulfate and 0.07% (v/v) TEMED. The cathodic solution was 50 mM NaOH and the anodic solution was 25 mM H3PO4. Isoelectric focusing was carried out at 500 V for 22 h. The second dimension SDS gels were run as described (12) except the acrylamide concentration was 8% (w/v) and the slabs were 1.5 mm thick. Following electrophoresis the polypeptides were transferred to nitrocellulose (31) (26) . The library was screened by the plaque hybridization procedure (20) using the Drosophila HSP70 clone 132E3 (23) as a probe. Hybridizations were performed in 50% (v/v) formamide, 5 x SSPE (SSPE is 0.15 M NaCl, 10 mM NaH2PO4, 1 mm EDTA adjusted to pH 7.4 with NaOH), 5 x Denhardt's solution (20) , 0.1% SDS, and 100 ,g ml-' denatured herring DNA at 42°C for 14 h. The filters were washed four times with 2 x SSC (SSC is 0.15 M NaCl, 15 mm sodium citrate, pH 7.0) and 0.1% SDS at room temperature, and twice with 1 x SSC, 0.1% SDS at 42°C for 1 h each.
MATER1ALS AND METHODS
In order to clone the HSP70-3 gene the library was also screened as described above using the internal EcoRI-PvuII fragment of the HSP70-1 gene as a probe. Duplicate filters were probed with an equimolar mixture of end-labeled oligonucleotides HS 1 and HS2 using hybridization conditions described by Wood et al. (32) .
Genomic Southern Hybridization. Arabidopsis DNA was prepared as described (26) . Samples containing 5 gg of DNA were digested with various restriction endonucleases, electrophoresed on agarose gels, and transferred to nitrocellulose filters (20) . The filters were prehybridized for 6 h at 42C in a solution containing 6 x SSC, 5 x Denhardt's solution, 0.5% SDS, 100 ,ug ml-' denatured herring DNA, and 50% formamide. The DNA fragments to be used as probes were purified from low melting agarose gels, labeled with 32P by nick translation (20) Analysis of RNA. Total RNA was isolated from control and heat-shocked (2 h at 37°C) leaves by phenol extraction (27) . Poly(A+)-containing RNA was isolated by oligo(dt)-cellulose chromatography (20) . For Northern analysis RNA was fractionated in formaldehyde-containing agarose gels and transferred to nitrocellulose filters as described (20 The same primer was also used to prime dideoxy sequencing reactions for the corresponding fragment of DNA which had been cloned in M13. The primer extension products were analyzed by gel electrophoresis and autoradiography (6) . (Fig. 2) indicated that the HSPs are rapidly induced by heat-shock at 37°C. HSPl 1, 90, 76, and 22 are induced within 30 min of the heat-shock and HSPl9 and 27 are induced within 60 min. Quantitative densitometry of autoradiograms indicated that the amount of label in the 76 kD HSP class increased about 50-fold during the first 30 min. All of the major HSPs continue to be synthesized for at least 150 to 180 min when maintained at the heat-shock temperature but their synthesis decreases relative to normal cellular proteins.
RESULTS

Induction
Two-Dimensional Analysis of 76 kI) Polypeptides. Following heat-shock, at least 12 polypeptides in extracts of Arabidopsis leaves appeared to be related to HSP70 by one or more criteria. At least six polypeptides with mol wt of approximately 76 kD ( Fig. 3 ; a, ,S, y, 6 (, E, ) were more heavily labeled with
[35S]methionine at 37C (Fig. 3A ) than at 22C (Fig. 3B ). An additional four polypeptides ( Fig. 3 ; t, 0, K, X) which were labeled to a similar extent in both heat-shocked and control tissue were identified as HSP70-related proteins because they specifically cross-reacted with an antibody raised against Drosophila HSP70 proteins (Fig. 3, C and D) . The immunological analysis also indicated that, although not heavily labeled during the 3.25 h labeling experiment, two of the most abundant HSP70-related polypeptides ( Fig. 3; A, v) are present in high levels before and after heat-shock. Presumably these polypeptides are either turned over very slowly or are synthesized only at nonheat-shock temperature. At least 4 polypeptides ( Fig. 3; a, heat-shocked tissue by both labeling and immunological detection, suggesting that it is rapidly expressed at relatively high levels.
In order to examine the extent of transcriptional regulation of the HSP70 gene family, the products of in vitro translation of poly(A+) RNA from heat-shocked and control tissue were resolved by two-dimensional electrophoresis (Fig. 3, E and F) . At least five major proteins in the 76 kD range were apparent in reactions initiated with mRNA from heat-shocked tissue, whereas only one polypeptide was apparent in the control reaction. Therefore, it appears that at least four of the HSP70-related genes are transcriptionally induced following heat-shock. These may correspond to the four heat-shock induced polypeptides ( Fig. 3; a, 
EXPRESSION OF ARABIDOPSIS HSP70 GENES
screened. Restriction analysis of the phage originating in these plaques revealed only two kinds of EcoRI restriction patterns typified by XHSP70A and HSP70B (Fig. 4A) . The EcoRI fragments which contained regions ofhomology with the Drosophila gene were subcloned into pUC19 and the resulting plasmids designated as pHSP4.8, pHSP3.8, and pHSPl.3 (Fig. 4B) . These subclones were shown by a further restriction endonuclease mapping and Southern hybridization to collectively contain two genes designated HSP70-1 and HSP70-2 arranged in the same orientation about 1.5 kb apart (Fig. 4B) . The direction of transcription was inferred by employing restriction fragments from the 5' or 3' regions of the protein coding sequence of the Drosophila gene as hybridization probes to identify homologous regions of the XHSP70A.
A third gene was identified by screening the genomic library with the internal PvuII-EcoRI fragment from the HSP70-1 gene. In order to avoid reisolation of HSP70-1 and HSP70-2 genes, duplicate filters were probed with a mixture of the oligonucleotides HSI and HS2 which were designed as gene-specific probes for the HSP70-1 and HSP70-2 genes, respectively. Of 27 positively hybridizing plaques identified by the HSP70-1 probe, only one did not hybridize to the oligonucleotide mixture. This phage (designated XHSP70C) contained a single 7.8 kb EcoRI fragment with a restriction map which did not overlap with any of the other phage. This phage was found to have one region of strong homology to the probe which was designated the HSP70-3 gene (Fig. 4D) .
In order to determine if there were additional HSP70-related sequences in the Arabidopsis genome a Southern blot of total cellular DNA was probed with the 1 kb PvuII-EcoRI fragment of pHSP4.8 which spans the central one-third of the protein encoding region of the HSP70-1 gene (Fig. 4B) Comparison of the restriction maps of the three HSP70 genes with the pattern of hybridization observed in the genomic Southern under stringent conditions indicates that all the bands of strong homology can be accounted for by the three genes. At lower stringency several additional bands were also evident in all of the digests, suggesting the presence of additional (divergent) members of the HSP70 gene family in the Arabidopsis genome (Fig. 5) .
DNA Sequence Analysis of the HSP70 Genes. In order to examine the expression of the three cloned HSP70 genes, the DNA sequence of the 5'-flanking regions and part of the coding regions were determined so that gene-specific oligonucleotides could be designed. The partial nucleotide sequences and the predicted amino acid sequences of the HSP70-1 and HSP70-2 genes are shown in Figure 6 , A and B, respectively. A short region of sequence of the HSP70-3 gene is shown in Figure 7 . In order to facilitate comparisons, the sequences are numbered from the ATG codon which defines one boundary of the region of homology to the coding sequence of the maize and Drosophila HSP70 genes. A comparison of the DNA sequences of the three Arabidopsis genes indicates that they are highly (>90%) homologous within the coding sequences, but are much less (<50%) homologous in the putative 5' nontranslated region. In the region of available coding sequence, the HSP70-1 gene had approximately 80% homology to a maize HSP70 sequence, and 75% homology to a Drosophila HSP70 gene.
The deduced amino acid sequences of the HSP70 genes from Arabidopsis were compared with maize HSP70 (28) and Drosophila HSP70 (13) (Fig. 8) (14) , and a rat HSC70 gene (30 (Fig. 8) (Fig.  4) . Under the conditions used, oligonucleotide HSI exhibited some hybridization with the HSP70-2 gene (Fig. 9) . However, since (as noted below) the HSP70-2 gene is not expressed, the HS 1 oligonucleotide was considered a satisfactory probe for these experiments.
Analysis of RNA dot blots from heat-shocked and control tissue with the HSP70-2 gene-specific probe HS2, did not detect any transcript from either control or heat-shocked leaves (Fig. 9 , lanes e and f), indicating the HSP70-2 gene is not expressed at appreciable levels in leaves under either condition. On the other hand, the HSP70-1 gene-specific probe HS1 hybridized to transcripts from both control and heat-shocked leaves (Fig. 9, lanes  a and b) (Fig. 9, lanes i and j) .
A similar result was obtained when Northern blots of poly(A+) RNA were probed with the HSP70-1 specific oligonucleotide HS1 (Fig. 10) . A fivefold increase of a 2.2 kb transcript was observed after heat-shock with the HSP70-1 probe. A duplicate filter probed with the HSP70-3 gene-specific probe HS3 gave a very weak signal with the RNA from heat-shocked tissue, and gave no detectable signal with RNA from nonheat-shocked tissue (Fig. 10, lanes a, b, and c) . Since this probe hybridized weakly to the HSP70-1 gene (Fig. 10, lanes g and h) (Fig. 11) establishes the position of the 5' terminus at the thymidine residue which is indicated with the symbol + 1 in Figure 6A . attempt was made to conduct primer extension experiments with oligonucleotide HS3.
The 5' noncoding regions ofthe HSP70 genes contained many of the sequences which have been associated with HSP genes from other organisms. In the HSP70-1 gene a TATA box is located at a position 25 to 32 nucleotides upstream of the initiation site of transcription. The 5' nontranslated region of the transcript contains 105 nucleotides, followed by the initiator ATG codon. No sequence homology could be found between the 5' nontranslated region of the HSP70-1 gene and the leader sequence of a Drosophila HSP70 gene. In HSP70-2, a sequence resembling a TATA box was identified at a position -103 to -1 1 1 nucleotides upstream of the ATG at position 1. A putative TATA box was also identified at -116 to -123 of HSP70-3. Both HSP70-1 and HSP70-2 genes contain, in the sequences upstream of the TATA box (Fig. 6 ), several sequences with good homology to the eukaryote heat-shock consensus sequence C-GAA-TTC-G (19) . DISCUSSION Brief exposure to elevated temperatures in the range of 31 to 37°C causes preferential synthesis of a set of at least six mol wt classes of HSPs in the leaves of Arabidopsis. Analysis of the complexity of these size classes by two-dimensional electrophoresis indicated that, as in other plants, most are represented by multiple polypeptides (results not presented). The size distribution of these HSPs is similar to those of soybean (1, 18) and maize (2, 7) . There appears to be a differential induction of the six classes of Arabidopsis HSPs. The 76 and 90 kD HSPs were induced at a lower incubation temperature and after a shorter period of heat-shock at 37°C. Noncoordinate induction of HSPs has been previously observed in maize (2) and other species ( 19, 24) . On several occasions, a prolonged incubation of detached leaves ofArabidopsis at normal growth temperature induced the 76 and 90 kD HSPs. This suggests that the synthesis of these HSPs may be stimulated as part of a wound response. A similar phenomenon has been observed in maize hypocotyl where HSP70 was induced by wounding (10) and in spinach leaves where excision and vacuum infiltration elicited the synthesis of two HSPs of 74 and 85 kD (9) .
Comparison of the pattern of hybridization observed in genomic Southern blots probed with an internal sequence from the Arabidopsis HSP70-1 gene and the pattern expected from the restriction maps of the three cloned genes indicates that the three HSP70 genes described here are all the members of a highly homologous gene family which, on the basis of several lines of evidence, appears to represent the equivalent of the heat-shock cognate genes found in other species. First, the three Arabidopsis genes have significantly higher amino acid sequence homology to the Drosophila HSC70 genes than to the HSP70 genes. As with other cognate genes, the three genes are either not expressed or are constitutively expressed. Moreover, the location of a putative intron in the two linked Arabidopsis HSP70 genes is identical with the location of an intron in a Drosophila HSC70 gene and a rat HSC70 gene (30) . Preliminary sequence analysis ofthe HSP70-3 gene also indicated an intron at the same position (results not presented). Intervening sequences, though commonly found in eukaryotic genes, are not present in most heat-shock inducible genes.
Although the three genes described here were not directly useful as hybridization probes for the identification of the other members of the HSP70 gene family (Fig. 5) , the complexity of the polypeptide pattern revealed by two-dimensional gel electrophoresis suggests there may be many additional genes. However, it is also possible that some of the polypeptides are due to posttranslational modifications since only about half as many polypeptides were evident by in vitro translation of leaf mRNA. The presence of other HSP70 genes is consistent with the results from studies of other organisms such as Drosophila, which contains 5 to 6 HSP70 genes and at least 3 HSC70 genes (19) , and yeast, which has 8 to 10 members in the HSP70 multigene family (15, 19 (4) . Seventy-one nucleotides upstream of the transcription initiation site is a CAT box (GAC-CAATTT) with strong homology to the consensus sequence (GG C/TCAATCT) which has been identified in the -70 to -80 regions of many eukaryotic genes (4) . Transcription of the HSP70-1 gene may also be regulated by several HSE sequences which share strong homology to the eukaryote heat-shock consensus sequence (19) . The most proximal HSE of HSP70-1 has 75% homology to the consensus HSE and is located 17 nucleotides upstream from the TATA box, falling well within the spacing normally found in other heat-shock genes (5) . A second HSE with perfect homology to the consensus HSE (but an additional nucleotide) is located at positions -125 to -138 relative to the transcription initiation site. The presence of more than one HSE is a common feature of heat-shock genes.
Our results suggest that two of the three cloned genes are not expressed or are expressed at very low levels. Although silent genes are relatively common in higher eukaryotes, no other examples have yet been described for Arabidopsis. From Figure 3 are encoded by the HSP70-1 gene. The presence of at least six HSP70 polypeptides in nonheatshocked tissue (Fig. 3) is similar to the situation in Drosophila where it has been demonstrated that the Drosophila HSC70 genes are constitutively expressed at relatively high levels at normal growth temperatures. As a result, the heat-inducible Drosophila HSP70 proteins comprise only about 30% ofthe total HSP70 and HSC70 protein after induction by heat-shock (25 
